Mitochondrial metabolism is central to the supply of ATP and numerous essential metabolites in most eukaryotic cells. Across eukaryotic diversity, however, there is evidence of much adaptation of the function of this organelle according to specific metabolic requirements and/or demands imposed by different environmental niches. This includes substantial loss or retailoring of mitochondrial function in many parasitic groups that occupy potentially nutrient-rich environments in their metazoan hosts. Infrakingdom Alveolata comprises a well-supported alliance of three disparate eukaryotic phyla-dinoflagellates, apicomplexans, and ciliates. These major taxa represent diverse lifestyles of free-living phototrophs, parasites, and predators and offer fertile territory for exploring character evolution in mitochondria. The mitochondria of apicomplexan parasites provide much evidence of loss or change of function from analysis of mitochondrial protein genes. Much less, however, is known of mitochondrial function in their closest relatives, the dinoflagellate algae. In this study, we have developed new models of mitochondrial metabolism in dinoflagellates based on gene predictions and stable isotope labeling experiments. These data show that many changes in mitochondrial gene content previously only known from apicomplexans are found in dinoflagellates also. For example, loss of the pyruvate dehydrogenase complex and changes in tricarboxylic acid (TCA) cycle enzyme complement are shared by both groups and, therefore, represent ancestral character states. Significantly, we show that these changes do not result in loss of typical TCA cycle activity fueled by pyruvate. Thus, dinoflagellate data show that many changes in alveolate mitochondrial metabolism are independent of the major lifestyle changes seen in these lineages and provide a revised view of mitochondria character evolution during evolution of parasitism in apicomplexans.
Introduction
Protists of Infrakingdom Alveolata encompass three extremely successful and divergent major eukaryotic groupsdinoflagellates, apicomplexans, and ciliates (Adl et al. 2005) . The success of each group is evident by their wide representation in the environment and very large number of species. Remarkably, each of these groups uses a range of different trophic strategies. Dinoflagellate algae include free-living autotrophs harvesting energy from sunlight by photosynthesis (Hackett et al. 2004 ). They provide a significant fraction of marine primary productivity, and some are essential symbionts of reef-building corals. Approximately half of all dinoflagellates have converted to heterotrophy and are either predators or parasites of animals and other protists (Coats 2003; Stentiford and Shields 2005) . Apicomplexans, however, are exclusively parasitic, satisfying their nutritional needs as obligate intracellular parasites of animal cells. Apicomplexans include the notorious malaria-causing parasite, Plasmodium spp., that alternates between parasitizing human liver and blood cells and cycling through the gut and lymph of mosquitoes. Other apicomplexans are more generalist, such as Toxoplasma gondii that can infect most nucleated mammalian cells. Ciliates, on the other hand, are mostly free-living micropredators of bacteria and other protists. They provide essential environmental services of microbial population control and nutrient recycling. Specialization in these alternative lifestyles initially made it difficult to recognize the relatedness of alveolate members, and even now few morphological features unite them (Cavalier-Smith 1991; Adl et al. 2005 ). Molecular sequencing, however, has provided overwhelming support for this group ( fig. 1 )-dinoflagellates and apicomplexans are sister lineages (diverging $800-900 Ma), and ciliates form the basal member of the group (diverging over 1 billion years ago) (Wolters 1991; Baldauf et al. 2000; Burki et al. 2007; Hackett et al. 2007; Hampl et al. 2009 ). In fact, Alveolata is currently the most robustly supported of the supergroupings that seek to order the pattern of eukaryotic evolution.
Alveolata therefore provides an excellent model for investigating character evolution in disparate eukaryotes. The diverse trophic behaviors of dinoflagellates and apicomplexans have provided particularly interesting insights into organelle evolution. For instance, a common plastid has undergone major metabolic remodeling with the loss of photosynthesis in apicomplexans (and some dinoflagellate groups) and a restructuring of its organellar genome in both groups (Ralph et al. 2004; Lim and McFadden 2010; Green 2011) . Similarly, the mitochondrial genomes of these groups present remarkable reduction and reorganization, with these phyla sharing unique mitochondrial features such as the smallest gene complement of any known mitochondria, as well as showing further lineage-specific changes (Waller and Jackson 2009; Jackson et al. 2012) .
The metabolic role of mitochondria in alveolates has also been challenged by changes to trophic behavior-in particular, the conversion of apicomplexans to an exclusive lifestyle of parasitism. In most eukaryotes, mitochondria play a central role in the energy metabolism of the cell. Complete oxidation of carbohydrates, lipids, and amino acids by the tricarboxylic acid (TCA) cycle, and generation of ATP by the electron transport chain (ETC), is presumed to have been a major driver for the evolution and success of this endosymbiont in eukaryotes. Mitochondria also provide several anabolic services, including synthesis of the important prosthetic groups heme and Fe-S clusters, and as a critical electron sink in pyrimidine nucleotide synthesis. For apicomplexan parasites living within the cells of host animals, abundant exogenous supply of reduced carbon molecules for energy and many other essential macromolecules has altered the demands placed on the mitochondrion. Indeed, the precise roles of apicomplexan mitochondria are uncertain. For example, in Plasmodium spp. living in blood cells, glycolytic breakdown of serum glucose to lactate has been supposed to suffice for ATP demands, and heme released from digested hemoglobin could obviate the need for de novo synthesis (Bryant et al. 1964; Scheibel and Pflaum 1970; Roth et al. 1988) . Recent studies have suggested that TCA cycle enzymes in Plasmodium blood stream stages are not significantly involved in catabolizing glucose but may have a greater role (albeit limited) in catabolizing other carbon sources such as glutamine, although the functional significance of the latter pathway is unknown (Olszewski et al. 2010) . Collectively, these data have led many to question the importance of the TCA cycle and other basic metabolic functions in both Plasmodium spp. and other apicomplexan mitochondria. Predictions of metabolic maps made from genomic data have bolstered the case for metabolic adaptation, with numerous pathways apparently either corrupted or lost (for reviews see van Alveolate cladogram with presence (+) and absence (À) of mitochondrial metabolic characters, inferred from genomic data, mapped onto tree branches. Inferred parallel gains/losses are indicated by double lines through circles. "?," uncertain presence/absence of pathway due to lack of some required genes; BCKDH, branched-chain keto-acid dehydrogenase; DBCAA, degradation of branched-chain amino acids; ETC, electron transport chain; 2-MCC, 2-methyl citrate cycle; MQO, malate quinone oxidoreductase; PDH, pyruvate dehydrogenase.
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Danne et al. . doi:10.1093/molbev/mss205 MBE Although different apicomplexan taxa exploit a variety of different host organisms and cell types, the general trend appears to be curtailment of organelle function or capacity. Indeed, in Cryptosporidium, loss of function has been so profound that the mitochondrion is reduced to merely a relict organelle that retains no genome and very little predicted metabolic capacity.
Interpreting loss or change in apicomplexan mitochondrial metabolism in light of parasitism is clearly logical. However, it is also essential to have some knowledge of the ancestral state of this organelle before the adoption of parasitism by this group to accurately understand this change. Dinoflagellates, as sister to the apicomplexan lineage, provide such insight. Approximately half of the dinoflagellate taxa are free-living photosynthetic cells, and there is strong evidence that the common ancestor of dinoflagellates and apicomplexans shared this condition (Janouskovec et al. 2010) . Common traits shared between dinoflagellates and apicomplexans are, therefore, likely to represent ancestral traits.
In this study, we have generated considerable new molecular data from dinoflagellates, and used existing available data representing a wide range of dinoflagellates, to construct predictions of metabolic maps for dinoflagellate mitochondria. In particular, we have addressed the question of what mitochondrial characters existed when dinoflagellates diverged from apicomplexans. The deepest branch of the dinoflagellate lineage is the parasitic protist group Perkinsidae (Adl et al. 2005 ). This position of Perkinsidae is supported by phylogenies and some derived molecular characters; however, Perkinsidae are not generally considered dinoflagellates themselves because they lack other defining dinoflagellate-specific characters (notably derived characters of the nucleus) (Bachvaroff et al. 2011; Zhang et al. 2011) . Perkinsidae and dinoflagellates together form "Dinozoa" ( fig. 1) (Adl et al. 2005) . We have analyzed Perkinsus marinus genomic data to further characterize common ancestral traits in Dinozoa and have biochemically confirmed some of our predictions using stable isotope labeling. We find evidence for many cases of common loss and/or change in canonical function of mitochondrial pathways in both Dinozoa and Apicomplexa, where previously they were only known for Apicomplexa. This study suggests that these changes should not be interpreted in light of parasitism alone and offers a new perspective to view the evolution of mitochondria in both of these groups.
Materials and Methods

Identification of Dinozoan Genes for Mitochondrial Proteins
Genes for dinozoan mitochondrial proteins were identified from publicly available data sets. These included all dinoflagellate expressed sequence tag (EST) and Transcriptome Shotgun Assembly sequences at the National Centre for Biotechnology Information (NCBI), covering transcriptome surveys of over 10 genera, and Perkinsidae genomic sequence from P. marinus (GenBank Accession AAXJ00000000.1). We also generated extensive transcriptomic data from Hematodinium sp. (see later). Known mitochondrial protein sequences from related eukaryotes (Plasmodium falciparum, T. gondii, Tetrahymena pyriformis, and Paramecium aurelia) and the general model eukaryote Saccharomyces cerevisiae were used to search against the dinozoan sequences using tblastn for the nucleotide databases (predominantly EST databases for dinoflagellates) or blastp and position-specific iterative (PSI)-Basic Local Alignment Search Tool (BLAST) for dinozoan protein databases (predominantly P. marinus as the genomes of dinoflagellates is poorly represented in protein databases). Putative dinozoan mitochondrial sequences were verified by using them as queries in blastx or blastp searches back against the "non-redundant protein sequence (nr)" database at NCBI. Confirmation of their identities was made using an e-value threshold of below E-5 (supplementary table S1, Supplementary Material online). For Karlodinium micrum (synonyms: K. veneficum and Gyrodinium galatheanum [Bergholtz et al. 2006] ), EST clones were completely sequenced and, if truncated, 5 0 -gene sequences generated using the common mRNA spliced leader as priming template as described previously (Danne and Waller 2011) . Predicted N-terminal protein sequence was used to verify likely mitochondrial location (Danne and Waller 2011) .
Hematodinium sp. RNA Transcriptome Sequencing
Hematodinium sp. was cultured in the dark at 10 C in Nephrops saline (NS) supplemented with 5% fetal calf serum, penicillin, streptomycin, and gentamycin (Appleton and Vickerman 1998) . Dinospore-stage Hematodinium cells were obtained from seawater tanks containing infected Nephrops norvegicus lobster hosts, upon sporulation (courtesy of Dr Nicholas Beevers, University of Glasgow, Scotland, UK). Dinospore RNA was extracted using Trizol (Invitrogen), according to the manufacturer's instructions. From in vitro trophont culture approximately 1.0 Â 10 6 cells from arachnoid or "Gorgonlock" trophont life cycle stages (for a description of the in vitro life cycle see Appleton and Vickerman [1998] ) were harvested by centrifugation (10 min, 300 Â g) and RNA extracted using the RNAqueous mini kit (Ambion), following the manufacturer's protocol. For both, trophont and dinospore stages, approximately 100 ng of total RNA was used to generate at least 10 mg of cDNA, using the SMARTer PCR cDNA synthesis kit (Clontech). Amplified cDNA was sequenced using the 454 Titanium chemistry on a GS-FLX platform (Roche) by Genome Quebec (Montreal, Canada). For trophont cDNA, additional 100-bp paired-end sequencing was performed by Micromon (Monash University, Clayton, Australia) using the Illumina GAIIx platform.
For transcriptome assembly both the 454 and the Illumina data sets were first quality trimmed to a value of Q20 (1 false base call per 100 base pairs) using DynamicTrim (http://solex aqa.sourceforge.net/, last accessed Sept. 9, 2012). Adapter sequences were then removed using "cutadapt-0.9" (http:// code.google.com/p/cutadapt/, last accessed Sept. 9, 2012). The 454 data were assembled using MIRA v3.2.1 (Chevreux et al. 2004) . Illumina data were assembled using Trinity (Grabherr et al. 2011 ). Finally, both data sets were merged 125 Alveolate Mitochondrial Metabolic Evolution . doi:10.1093/molbev/mss205 MBE into one data set using CD-HIT-EST v4.6 (Li and Godzik 2006) with a sequence identity threshold of 90% (-c 0.9), a word size of n = 8 (-n 8), comparing both strands (-r 1), and clustering into the most similar cluster which meets the threshold (-g 1).
Upon merging with CD-HIT-EST, contigs were further clustered using CAP3 (Huang and Madan 1999) with standard settings. To optimize sequence quality, after initial BLAST identification, Hematodinium cDNAs presented in this study were manually reprocessed and reassembled within the software package Geneious Pro 5.4 (Biomatters) using individual mapped reads (Roche 454) and Trinity contigs (Illumina) before final BLAST searching and annotation.
Perkinsus marinus Metabolite Labeling and Analysis
Perkinsus marinus strain TXsc (ATCC50983; American Type Culture Collection, Virginia, USA) was routinely cultured at 26 C in medium ATCC1886 as described in Masuda et al. (2010) . Discontinued products were substituted as follows: Lipid Mixture (1,000X; L5146; Sigma) replaced Lipid Concentrate (100X; 21900-014; Gibco) and Instant Ocean Sea Salt (Aquarium Systems) replaced artificial seawater (S1649; Sigma). At a cell density of 2.5 Â 10 6 /ml, cells were pelleted at 300 Â g for 10 min, 25 C, and resuspended in a modified culture medium (nutrient mix F12-Ham and carbohydrates were omitted from the routinely used ATCC1886) supplemented with 12 mM 13 C-U-glucose, 13 C-U-glutamine, or 13 C-U-leucine. After 24 and 66 h, cells were metabolically quenched by immersion of the culture flask in a dry ice/ethanol bath to chill the culture suspension to 0 C (Saunders et al. 2011 ). An aliquot of the quenched cells was subsequently removed and pelleted by centrifugation (800 Â g, 10 min, 0 C), washed three times with ice-cold NS. Replicates of 5 Â 10 6 cell equivalents were extracted for 45 min in 60 C chloroform/methanol/water (1:3:1 v/v), containing an internal standard of 1 nmol scyllo-inositol. The supernatant was phase partitioned by addition of water, and polar (upper) phase metabolites were derivatized by methoximation and trimethylsilylation (TMS) and analyzed by gas chromatography-mass spectrometry (GC-MS) (Saunders et al. 2011 ). GC-MS was performed with an Agilent 7890A-5975C system in electron impact ionization mode. Splitless injection (injection temperature 270 C for methoximation-derived samples and 280 C for methanolysis-derived samples) onto a 30 m + 10 m Â 0.25 mm DB-5MS + DG column (J&W, Agilent Technologies) was used, using helium as the carrier gas. The initial oven temperature was 70 C (2 min), followed by temperature gradients to 295 C at 12.5 C/min and from 295 C to 320 C at 25 C/min. The final temperature was held for 3 min (Saunders et al. 2011) . Data analysis was performed using Chemstation software (MSD Chemstation D.01.02.16, Agilent Technologies). Metabolites were identified by comparison with the retention times and mass spectra of authentic standards. The level of labeling of individual metabolites was estimated as the percent of the metabolite pool containing one or more 13 C atoms after correction for natural abundance (Saunders et al. 2011 ). The mass isotopomer distributions of individual metabolites were corrected for the occurrence of natural isotopes of carbon, nitrogen, hydrogen oxygen, and silicon in both the metabolite and the derivitization reagent (Zamboni et al. 2009 ).
Results and Discussion
Mitochondrial metabolic maps have been compiled for Apicomplexa from genomic sequence data (van Dooren et al. 2006; Seeber et al. 2008; Mogi and Kita 2010) , but to date no nuclear genomes from dinoflagellates have been sequenced owing to their very large size ($3,000-215,000 Mb) (Hackett et al. 2004) . In its place, extensive transcriptome sequencing has provided broad coverage of dinoflagellate genes representing several diverse genera of the major class dinophyceae: Alexandrium, 51,907 sequences; Amphidinium, 3,885 sequences; Heterocapsa, 7,012 sequences; Karenia, 65,567 sequences; Karlodinium, 17,332 sequences; Lingulodinium, 78,589 sequences; Oxyrrhis, 18,024 sequences; and Symbiodinium, 10,987 sequences (sequences available in combined nucleotide databases at the NCBI). Further to this, we performed RNA-seq using Roche 454 and Illumina sequencing for the deep branching dinoflagellate Hematodinium sp. (order, Syndiniales). We have generated 177,289 Roche 454 reads and $68 million Illumina paired-end 100-bp reads representing multiple life stages of this dinoflagellate. These data have been assembled into 71,260 cDNA contigs greater than 200 bp with a mean length of 510 bp. Perkinsus marinus represents the deepest branch of Dinozoa, and a nuclear genome has been sequenced to approximately 8-fold coverage (GenBank Accession AAXJ00000000.1). This provided further data for mitochondrial genes present in the common ancestor of Dinozoa.
Collectively, these data sets provide broad coverage of dinoflagellate genes across diverse representatives of this lineage (and including Perkinsidae) and together have been used to investigate the major metabolic pathways of their mitochondria. This study has sought broad conclusions concerning the evolution of mitochondrial function within dinoflagellates, rather than focusing attention on any single taxon due to the current incomplete state of genomic data from dinoflagellates. Of particular interest is the state of the mitochondrion present in the last common ancestor that diverged from the apicomplexan lineage. For individual taxa, where a lack of genes for a pathway is recorded, it is premature to conclude loss or modification of this pathway until more complete genomic data can verify the change. However, where all genes for a pathway or function are absent from all sampled taxa, the possibility of loss or replacement of the canonical pathway is stronger. We observe five such cases in Dinozoa (dinoflagellates and Perkinsidae), and each is given careful consideration in the discussion of each pathway, including the presence/absence of the pathway in other alveolates.
Throughout this report, we will use the name "Dinozoa" when referring to the entire lineage and either "dinoflagellates" or "Perkinsidae" when results pertain to only members of each group. Table 1 summarizes the presence or absence of genes for mitochondrial pathways for dinoflagellates and Perkinsidae, along with equivalent data for major apicomplexan groups and ciliates (supplementary table 1, Supplementary Material online, provides representative gene sequences or data sources). These data are discussed according to metabolic function below.
Pyruvate Dehydrogenase
Acetyl-CoA is the major entry point of carbon into the TCA cycle ( fig. 2 ). It is typically derived from pyruvate imported into the mitochondrion as the end point of cytosolic glycolysis. Pyruvate is converted to acetyl-CoA by the multiprotein complex pyruvate dehydrogenase (PDH). This complex belongs to the a-ketoacid dehydrogenase (KADH) family that converts a-ketoacids into acyl-CoA molecules (Mooney et al. 2002) . During these reactions, NADH is generated as a reducing agent and CO 2 is released. Although PDH converts pyruvate to acetyl-CoA, there are two other major KADH complexes that have different a-ketoacid substrates. One is the a-ketoglutarate dehydrogenase (KGDH) complex of the TCA cycle, which converts a-ketoglutarate to succinyl-CoA. The second is the branched-chain a-ketoacid dehydrogenase (BCKDH) complex used in degradation of branched-chain amino acids ( fig. 2 ). BCKDH acts on a-ketoisocaproate, a-ketomethyvalerate, and a-ketoisovalerate derived from transamination of leucine, isoleucine, and valine, respectively. Although KADHs are homologous, their activities can generally be distinguished by discrete phylogenetic clades (Mooney et al. 2002) . KADH complexes are extremely large (up to 9 MDa) and comprise several copies of three basic units: E1, E2, and E3. In PDH and BCKDH complexes, E1 comprised two further subunits, E1a and E1b, whereas the KGDH E1 is a single protein. The E1 and E2 units are specific for each KADH, but a single E3 is typically shared by all three (McMillan et al. 2005) .
Ciliate mitochondria contain all three KADH complexes (PDH, KGDH, and BCKDH), defining the ancestral state of alveolates (table 1) (Smith et al. 2007) . Apicomplexans, on the other hand, have lost their mitochondrial PDH Ralph 2005; van Dooren et al. 2006) . The absence of a mitochondrial PDH from apicomplexans has generated considerable discussion regarding the possible source and/or role of acetyl-CoA in the mitochondria of these parasites (van Dooren et al. 2006; Seeber et al. 2008; Mogi and Kita 2010; Polonais and Soldati-Favre 2010; Olszewski and Llinás 2011) . Living in metabolite rich host environments, it is tempting to conclude that apicomplexan mitochondria might not need acetyl-CoA. Glycolysis alone, driven by the surfeit of glucose in the blood, for instance, might supply sufficient ATP to make the TCA cycle redundant in blood-borne parasites (Roth et al. 1988) . However, it is unlikely that similarly high levels of glucose occur in the insect vector or other host niches.
The mitochondria of Dinozoa provide a fresh perspective on this conundrum because genomic and transcriptomic data suggest that a PDH is also absent from this lineage (table 1) . Of the four enzyme subunits of PDH (E1a, E1b, E2, and E3), only the E3 subunit is found in dinozoan data. As described earlier, this is a generic subunit that is shared with BCKDH and KGDH, and all genes for these other KADHs are also found in dinozoans. This provides both a rationale for the presence of E3 and also evidence that the incomplete state of dinozoan molecular data does not limit recovery of complete gene sets for these complexes, and therefore, lack of PDH sequences is unlikely to represent a false negative. In fact, BLAST searching with PDH subunits consistently recovers the BCKDH and KGDH paralogs from dinoflagellate sequences but not PDH orthologs. Use of PSI-BLAST searching of protein databases is also unable to recover any more divergent PDH proteins. Although it is still conceivable that sequences for the three missing PDH subunits occur but have not yet been represented in sequence data, at present it seems most likely that a canonical mitochondrial PDH is absent in Dinozoa, as it is also in Apicomplexa. If this is so, it implies that PDH was lost before dinoflagellates and apicomplexans diverged and before obligate parasitism became the exclusive modus operandi for the latter group (a less parsimonious possibility is that PDH was lost twice or more, independently in the two lineages). Unlike parasites, most free-living dinoflagellates would maintain a strong need for efficient ATP synthesis from complete carbohydrate oxidation. The presence of starch granules stored in the dinoflagellate cytoplasm is consistent with the importance of this pathway for energy production (Dodge and Lee 2000; Patron and Keeling 2005) . Although alternative, nonglycolytic sources might contribute to the mitochondrial pool of acetyl-CoA (discussed later), it is difficult to imagine dinoflagellates being unable to use pyruvate as an end point of glycolysis for mitochondrial respiration, suggesting an alternative PDH activity might exist.
To test for evidence of pyruvate utilization in the TCA cycle in Dinozoa, we have measured uptake of stable isotope-labeled glucose into TCA cycle intermediates in P. marinus.
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C-atoms were shown to be incorporated into citrate, predominantly in two carbon increments evident as the +2 and +4 isotopomers ( fig. 3A ). This provides strong evidence of MBE from the loss of 13 C-atoms through decarboxylation reactions within the TCA cycle. These labeling studies provide strong evidence that 13 C 3 -pyruvate derived from glycolysis enters the TCA cycle as acetyl-CoA directly implicating an alternative "PDH-like" activity, despite the lack of the canonical protein complex.
In apicomplexans, it has been suggested that the absence of canonical PDH might be compensated by the BCKDH complex (Seeber et al. 2008 ). This related KADH has been shown in mammals and bacteria to be able to use pyruvate as an alternative substrate and generate acetyl-CoA (Pettit et al. 1978; Heath et al. 2007 ). Although in these tested systems, pyruvate dehydration by BCKDH is less efficient, it is possible that a relatively ancient loss of PDH in a free living ancestor of dinoflagellates and apicomplexans could have provided strong selection for increased efficiency of BCKDH for pyruvate in these lineages and explain the activity that we observe in P. marinus (and recently also in T. gondii [MacRae et al. forthcoming] ). Some anaerobic bacteria also lack a PDH and in its place use the enzyme pyruvate:ferredoxin oxidoreductase to generate acetyl-CoA from pyruvate. Select anaerobic eukaryotes have acquired this enzyme by horizontal gene transfer (Embley and Martin 2006) , and although there is no evidence of its general presence in alveolates, it creates a further precedent for alternative PDH-like activities.
Branched-Chain Amino Acid Degradation
One alternative source of acetyl-CoA in the mitochondrion is the breakdown of branched-chain amino acids-leucine, isoleucine, and valine ( fig. 2) . Among apicomplexan parasites, coccidians such as Toxoplasma provide evidence for such a source. All genes are present in these parasites for both the BCKDH complex and all other enzymes required for acetylCoA synthesis from branched-chain amino acids (Seeber et al. 2008) . These include the enzymes of the 2-methylcitrate cycle, which is required to metabolize the toxic by-product propionyl-CoA to pyruvate ( fig. 2) . Thus, host cell-derived amino acids have been suggested as a potential energy source for Toxoplasma (van Dooren et al. 2006; Seeber et al. 2008; Polonais and Soldati-Favre 2010) . The BCKDH complex also occurs in Plasmodium and piroplasms; however, all other enzymes associated with amino acid degradation are absent from these apicomplexans (Seeber et al. 2008; Polonais and Soldati-Favre 2010) (table 1) . Consequently, an alternative role for BCKDH in pyruvate dehydration (described earlier) is the only rationale for the presence of this complex in these latter parasites, and this, in turn, adds credibility to this hypothesis.
Dinozoans possess all genes required for branched-chain amino acid degradation, including those of the 2-methylcitrate cycle (table 1) . This pathway is also found in ciliates, and is therefore most likely an ancestral character, rather than being a more recent introduction into Apicomplexa alone by horizontal gene transfer, as has been suggested elsewhere (Seeber et al. 2008) . For most free-living dinoflagellates, it is unlikely that this pathway provides a major source of acetyl-CoA and driver of the TCA cycle due to lack of an equivalent exogenous supply of branched-chain amino acids available for most dinoflagellates (compared with parasitic organisms). Nevertheless, if BCKDH does have a role in pyruvate dehydrogenation, as well as performing branched-chain amino acid degradation, then its role has been considerably extended in dinoflagellates and apicomplexans. It is also possible that duplicate BCKDH subunits have specialized for either task, and we do find evidence of potential paralogs (e.g., distinct copies of BCKDH E1b, the subunit that specifies substrate) in some dinoflagellates.
b-Oxidation of Fatty Acids
A further source of mitochondrial acetyl-CoA is b-oxidation of fatty acids ( fig. 2) . The acyl chains are imported into mitochondria attached to carnitine through a carnitine/acylcarnitine translocase in the inner membrane. After conversion to acyl-CoA in the matrix, stepwise removal of two carbons at a time to acetyl-CoA occurs by four enzymatic steps (mediated by acyl-CoA dehydrogenase, enoyl-CoA hydrates, hydroxyacyl-CoA dehydrogenase, and ketoacyl-CoA thiolase). Dinozoans possess genes for all steps of this pathway, including the carnitine/acylcarnitine translocase, and this is also the case for ciliates (table 1). The storage of lipid droplets in the dinoflagellate cytoplasm further implicates this as an important component of dinoflagellate energy metabolism (Dodge and Lee 2000) . In contrast to this, apicomplexans appear to have either corrupted or completely lost their mitochondrial b-oxidation pathway ( fig. 2) . Although Toxoplasma does apparently contain the genes for most steps of lipid oxidation, it lacks the carnitine/acylcarnitine translocase, so a mitochondrial pathway is ambiguous ( 
TCA Cycle
The TCA cycle is often described as the central wheel of carbon metabolism in the mitochondrion. In aerobic conditions, its major role is complete oxidation of carbohydrates, fatty acids (both entering by acetyl-CoA), and several amino acids ( fig. 2) . ATP is derived both directly from this cycle and indirectly through energy extracted by the ETC and TCA cycle-derived reducing equivalents (see later). In addition to a catabolic role, the TCA cycle also provides anabolic functions such as heme and amino acid biosynthesis. Most of the reactions of the TCA cycle are able to proceed in both forward (oxidative) and reverse (reductive) directions, where the reverse reactions often drive the synthesis of precursors for further anabolic reactions or are used to control organelle redox balance.
The role of the TCA cycle in apicomplexan parasites has long been a point of discussion. The reliance of blood-stage Plasmodium on glycolysis-derived ATP from blood glucose originally prompted many to speculate that apicomplexan parasites might lack a TCA cycle (Bryant et al. 1964; Scheibel and Pflaum 1970; Roth et al. 1988 ). However, availability of genomic sequences has shown the presence of all 131 Alveolate Mitochondrial Metabolic Evolution . doi:10.1093/molbev/mss205 MBE necessary TCA cycle enzymes in most apicomplexans (the only exception being Cryptosporidium) and has provided evidence that the cycle is therefore present (Gardner et al. 2002; van Dooren et al. 2006 ). Rather, it seems that the role and behavior of this pathway varies between parasites and during different stages of parasite life cycles or environmental conditions. For instance, transcriptional analyses of intraerythrocytic stages of Plasmodium derived from infected patients indicate metabolic switching between alternative states reflecting either glycolysis under anaerobic conditions or glucose starvation and up-regulation of TCA enzymes (Daily et al. 2007 ). Protein profiling also suggests a shift toward a more active TCA cycle as parasites move into the mosquito stages (Lasonder et al. 2008) .
Although our understanding of the role of TCA metabolism in apicomplexan parasites is still being elucidated, it is useful to compare the components of this pathway with those in Dinozoa, because several eccentricities of this pathway (as described earlier) also occur in this lineage ( fig. 2) . As expected, genes for all enzymes necessary for a TCA cycle are found in dinoflagellates (table 1). As most dinoflagellates are free-living aerobes without a large pool of exogenous host metabolites, it is expected that the dominant role of TCA metabolism is the conventional cycle, commencing with acetyl-CoA condensing with oxaloacetate to form citrate. Citrate is converted to isocitrate, which is then oxidized by isocitrate dehydrogenase (IDH) to a-ketoglutarate, generating reducing equivalents of NAD(P)H. Most eukaryotes contain two forms of IDH, one dependent on NAD(H) as a cofactor, the other on NADP(H). The forward reaction of the TCA cycle typically uses the NAD(H)-dependent form, and the energy from NADH is consumed in the ETC (Haselbeck and McAlister-Henn 1993 ) (see later). The NADP(H)-dependent IDH is believed to more typically run in reverse (reductive reaction) by an elevated NADPH:NADP+ ratio. This can be used to fine regulate both the TCA cycle and anabolic reactions, such as lipogenesis in human adipose tissue (Sazanov and Jackson 1994; Yoo et al. 2008 ). On the other hand, in response to oxidative stress, NADP(H)-dependent IDH can be up-regulated to catalyze the forward reaction to generate NADPH used for glutathione recycling (Jo et al. 2001) .
The division of labor shared between the two IDHs, however, is lost from apicomplexans where the NAD(H)-dependent form is absent in this lineage (Wrenger and Muller 2003; Seeber et al. 2008) . Olszewski et al. (2010) speculate that loss of the NAD(H)-dependent form might prevent the forward cycle occurring at all in apicomplexans. Loss of the NAD(H)-dependent mitochondrial IDH in Apicomplexa, however, appears to be shared with Dinozoa (table 1) . No versions of this protein are evident in any available data, despite this protein being highly conserved across eukaryotes and prokaryotes, and the NADP(H)-dependent form is readily found in most dinozoan taxa surveyed implying that absence of the former is genuine. The simplest explanation is that loss of the NAD(H)-dependent IDH occurred before Dinozoa and Apicomplexa diverged, although independent losses are again possible. In any case, this anomaly in apicomplexans cannot be rationalized only in the context of shifted mitochondrial metabolism due to parasitism. If the NADP(H) form of IDH is to be used for the forward TCA cycle in dinoflagellates (and apicomplexans), the NADPH produced is likely converted to NADH by the proton pumping NAD(P)+ transhydrogenase at the mitochondrial inner membrane (this protein is present throughout Alveolata), and in doing so, this reaction could also contribute to the electrochemical gradient (Sazanov and Jackson 1994) (fig. 2) . Alternatively, NADPH might donate electrons directly to the ETC by an alternative NAD(P)H dehydrogenase (see later).
From a-ketoglutarate, all enzymes are evident in dinoflagellate data for the onward reactions through succinyl-CoA, succinate, and fumarate (table 1). Hydration of fumarate to malate occurs by fumarate hydratase (fumarase). Two distinct classes of fumarate hydratase exist, one containing an ironsulphur cluster, "class I", and the second without. Both classes have been recorded from within both prokaryotes and eukaryotes, with the "class II" enzyme known from yeast and mammals (Flint et al. 1992; Woods et al. 1988) . Ciliates also contain this class II enzyme, whereas apicomplexans have the class I enzyme (table 1) . Intriguingly, both classes are found in dinozoans, although no one taxon has been found to contain both (table 1) . This complex pattern across alveolates suggests that there has been considerable change in the source of this TCA cycle activity, with either multiple independent losses of the genes from one class or the other or a role for lateral gene transfer instigating enzyme switching. The functional consequence of using either of these two classes is unknown.
Malate oxidation back to oxaloacetate is the final step to complete one loop of the TCA cycle and is typically catalyzed by a mitochondrial-type NAD-dependent malate dehydrogenase (NAD-MD). The reduced cofactor, NADH, can subsequently pass electrons on to the ETC. Curiously, ciliates appear to lack a classic mitochondrial-type NAD-MD, although proteomic analysis of Tetrahymena mitochondria detects two enzymes apparently retargeted from cytosolic forms (Smith et al. 2007) . Similarly, in apicomplexans, only a single, cytosolic-type NAD-MD is found. It has been suggested that this enzyme is exclusively cytosolic in Plasmodium due to a lack of predicted mitochondrial targeting information, as well as cell fractionation studies (Lang-Unnasch 1995; Tripathi et al. 2004) . A second enzyme, with the potential to oxidize malate to oxaloacetate, is a membrane-bound malatequinone oxidoreductase (MQO) found in some bacteria (Kather et al. 2000) . Genes for this enzyme are found throughout Apicomplexa and were most likely gained by a lateral gene transfer event (Gardner et al. 2002; Uyemura et al. 2004) . During malate oxidation, MQO reduces the cofactor FAD, but as a membrane-bound enzyme, electrons are rapidly passed onto ubiquinones in the ETC, and hence, this reaction is generally considered irreversible. Thus, although MQO has been touted as a possible alternative TCA cycle enzyme in Plasmodium, it may not be able to support any reductive reactions of this part of the cycle. In Toxoplasma, both enzymes (cytosolic-type NAD-MD and MQO) appear to be located in the mitochondrion (Fleige et al. 2008) , and it is (Danne and Waller 2011) . They also contain a copy of MQO (table 1) . Therefore, the acquisition of MQO by lateral gene transfer likely occurred before Dinozoa-Apicomplexa divergence (unless independent acquisitions have occurred) and that would have resulted in duplication of the malate dehydrogenase function. It is unclear why there is evidence of replacement of the mitochondrial NAD-MD with the cytosolic enzyme in apicomplexan mitochondria (and also ciliates); however, this seems to be independent of the presence of MQO. It is possible that changes in the ETC shared by dinozoans and apicomplexans (see later) could account for the presence of MQO.
Despite several common deviations of TCA cycle genes shared by Dinozoa and Apicomplexa, our metabolic analyses show that these do not disrupt this classic metabolic cycle, despite previous uncertainty of the completeness of this cycle in apicomplexans. Stable isotope-labeled carbons from 13 C-U-glucose and 13 C-U-glutamine can both be traced through TCA cycle intermediates in a predictable manner for complete, and subsequent, cycles.
13
C-U-glucose adds two labeled carbons, by 13 C 2 -acetyl-CoA, to TCA intermediates for every complete cycle, and these signatures are seen in all detectable TCA metabolites ( fig. 3A ; note, interconversion of oxaloacetate to aspartate provides a surrogate for oxaloacetate, which is not readily detected by GC-MS). 13 C-Uglutamine, on the other hand, enters as 13 C 5 -a-ketoglutarate, which subsequently loses one carbon (as CO 2 ) by decarboxylation to succinyl-CoA ( fig. 2) . Onward TCA metabolism from a-ketoglutarate, therefore, is expected to generate +4 isotopomers, and these are detected as the major labeled species in all downstream metabolites (succinate, fumarate, malate, oxaloacetate [aspartate] , and citrate; fig. 3B ). The subsequent incorporation of a "cold" acetyl-CoA molecule results in the loss of two labeled carbons as the cycle progresses from oxaloacetate to succinyl-CoA ( fig. 2) , and the +2 isotopomer is also evident in this isotopomer analysis ( fig. 3B ). Collectively, these data are strong evidence of classical TCA cycle activity in Perkinsus, and this is also in agreement with an equivalent analysis for T. gondii, which supports a conventional TCA cycle in apicomplexans also (MacRae et al. forthcoming).
ETC and ATP Synthesis
The mitochondrial ETC transfers electrons generated by mitochondrial dehydrogenases to a terminal electron acceptor (usually O 2 ) by way of a number of large protein complexes and small carrier molecules ( fig. 2) . Some of the complexes use energy from these transfers to pump protons across the inner membrane, in doing so creating an electrochemical gradient (Ác). This store of energy is used to drive ATP synthesis and mitochondrial protein import. Typically, there are four protein complexes implicated in this chain (Complexes I-IV), and the TCA cycle provides the major source of electrons. NADH generated by several TCA cycle reactions is oxidized by Complex I (NADH dehydrogenase), whereas succinate dehydrogenase (also known as Complex II) is an additional electron entry point during oxidation of succinate to fumarate. Both complexes donate their electrons to coenzyme Q (ubiquinone), a mobile hydrophobic molecule within the inner membrane. Electrons are subsequently passed to Complex III (cytochrome bc1 complex or cytochrome c reductase) and then by the small heme protein, cytochrome c, to Complex IV (cytochrome c oxidase) where O 2 is the terminal electron acceptor. Complexes I, III, and IV all pump protons across the inner membrane during electron exchange.
In apicomplexans, as for the TCA cycle, the role of the ETC has been a topic of considerable discussion (see Krungkrai et al. 1999; van Dooren et al. 2006; Seeber et al. 2008 ; Polonais and Soldati-Favre 2010 for reviews). Uncertainty of either the activity of the TCA cycle or the role of mitochondriongenerated ATP calls into question the relevance of the ETC. Despite this uncertainty, Plasmodium mitochondria are shown to maintain an electrochemical gradient, are sensitive to known inhibitors of the ETC (e.g., the antimalarial drug atovaqone that targets Complex III), and O 2 consumption is shown to be modulated with use of such inhibitors (Krungkrai et al. 1999; Uyemura et al. 2004) . In blood-stage Plasmodium, however, it has been shown that the ETC is only required for one function, the regeneration of ubiquinone as an electron acceptor during de novo pyrimidine biosynthesis (Painter et al. 2007; Vaidya et al. 2008) .
Mechanistically, apicomplexans also show a striking departure from the canonical ETC with the loss of Complex I (NADH dehydrogenase). This complex comprises 14 proteins in prokaryotes, and up to 46 in eukaryotes, and the genes for these proteins occur both in the mitochondrial genome (minimally three genes; nad1, 4, and 5) and in the nucleus (Gabaldón et al. 2005; Brandt 2006 ). None of the Complex I genes are present in apicomplexans, on either genome, providing strong evidence for the loss of this complex, and all parasites are insensitive to the Complex I inhibitor rotenone (Fry and Beesley 1991; Uyemura et al. 2000) . Only some yeasts have been shown to also lack a Complex I, and both loss events appear to be consistent with a shift toward anaerobic metabolism and a reduced dependence on TCA metabolism. Dinozoans, however, apparently also lack Complex I. No genes for Complex I enzymes are found in either nuclear sequences (represented by the bulk of transcriptomic data and P. marinus genomic data) or in mitochondrial genomes (Waller and Jackson 2009) . Given the large number of Complex I proteins, their absence in all sampled taxa is compelling evidence for absence of this complex. The common, but unusual, loss of Complex I in both dinozoans and apicomplexans suggests that this event likely predates divergence of these taxa and development of parasitism in apicomplexans. In fungi and some plants, alternative NADH dehydrogenase activity has been identified and attributed to a single protein (Kerscher 2000) . This protein also transfers an electron from NADH to coenzyme Q but does not transfer protons across the membrane. Further, in fungi and plants, this enzyme often accepts NADPH as a substrate and can be 133 Alveolate Mitochondrial Metabolic Evolution . doi:10.1093/molbev/mss205 MBE located on either side of the inner mitochondrial membrane (exposed either to the matrix or intermembrane space), therefore oxidizing either cytosolic or matrix reducing equivalents. An alternative, single-protein NADH dehydrogenase is found in apicomplexan genomes, and we also find it present in dinozoans (table 1) . In Toxoplasma, this enzyme has recently been shown to occur on the matrix side of the inner membrane . The dinozoan version of this protein possesses a canonical mitochondrial targeting peptide, so it also most likely occurs in the matrix, implicating it in metabolizing TCA-derived NAD(P)H. It is unclear why the canonical NADH dehydrogenase might have been lost in the free-living ancestor of dinozoans and apicomplexans (ciliates do possess Complex I); however, it is possible that loss of the NAD(H)-dependent IDH and consequent generation of NADPH might have helped to drive adoption of the alternative NAD(P)H dehydrogenase.
The central role of the TCA cycle in most aerobic mitochondria dictates that Complexes I and II are typically the major entry points for the ETC (fig. 2) . However, additional mitochondrial dehydrogenases provide further donors of electrons to the latter parts of this chain of reactions. Disruption of the TCA cycle in the apicomplexan Plasmodium falciparum does not result in a loss of the mitochondrial membrane potential, so these alternative feeders of the ETC may be essential to maintaining mitochondrial function (Painter et al. 2007; Seeber et al. 2008; Vaidya et al. 2008) . Pyrimidine synthesis uses the enzyme dihydroorotate dehydrogenase to oxidize dihydroorotate to orotate in the intermembrane space, with coenzyme Q receiving electrons in this biosynthetic process ( fig. 2 ). This dehydrogenase is present in both apicomplexans and dinozoans (table 1). The alternative malate dehydrogenase, MQO, provides another, novel entry point for the ETC in dinozoans and apicomplexans, which is notably not dependent on NADH and Complex I. Although its significance in the TCA cycle is unknown in both groups, it presumably also contributes to the reduced coenzyme Q pool. A further electron entry point can be by the glycerol 3-phosphate shuttle, where an FAD-dependent glycerol 3-phosphate dehydrogenase reduces coenzyme Q ( fig. 2) at the expense of cytosolic NADH. Although this dehydrogenase occurs in apicomplexans (and ciliates), we find no evidence of it in any dinoflagellates (although it is present in Perkinsus) despite this being a large ($650 amino acid) and wellconserved protein (table 1) . If loss of this dehydrogenase is genuine, it might indicate a lesser reliance on cytoplasmic NADH for mitochondrial ETC electrons in dinoflagellates than in apicomplexans.
In dinozoans, a further electron entry point is evident. Cytochrome b2 (L-lactate: cytochrome c oxidoreductase) belongs to a family of flavin mononucleotide (FMN)-dependent a-hydroxyacid oxidizing enzymes (including glycolate oxidase, lactate monooxygenase, mandelate dehydrogenase, and longchain hydroxyacid oxidase) found in prokaryotes and select eukaryotes, mainly fungi. It is located in the intermembrane space where it oxidizes cytosolic L-lactate to pyruvate ( fig. 2) . The enzyme consists of an amino-terminal heme domain and a carboxy-terminal FMN domain that are connected by a hinge polypeptide (White et al. 1993; Balme et al. 1995) . Following the oxidation of L-lactate, electrons are transferred between the prosthetic groups of these domains and then donated to cytochrome c (Appleby and Morton 1954; Daff et al. 1996) . Genes for cytochrome b2 are found throughout dinozoans, although they are absent in apicomplexans and ciliates, implicating an early gain in Dinozoa by lateral gene transfer (Danne et al. 2012) . Gain of this enzyme potentially provides dinoflagellates with a further, TCA cycle independent, option to drive the ETC.
Most energy invested in pumping protons across the mitochondrial inner membrane by the ETC is typically recovered by back flow of protons down the electrochemical gradient through the ATP synthase complex ( fig. 2) . Passage of electrons through the membrane-embedded F 0 channel of this complex rotates the matrix-exposed rotor (F 1 ), which in turn rephosphorylates ADP to ATP (Capaldi and Aggeler 2002) . Difficulty in identifying components of the F 0 portion of the ATP synthase complex from apicomplexans led many to question if a functional complex was actually present in these parasites, despite the inexplicable presence of the F 1 portion of this molecular machine. It has transpired, however, that the F 0 proteins are simply highly divergent and are equally difficult to identify in ciliates and dinozoans (table 1) (Uyemura et al. 2000 (Uyemura et al. , 2004 Mogi and Kita 2009) . A complete complex set remains elusive for both ciliates and dinozoans, although we predict it to be present.
Transporters
Products of mitochondrial biochemical pathways can be used either within or outside the mitochondrion. Mitochondrial transporters are key regulators of metabolite flow through the outer and inner membranes of this organelle. The outer mitochondrial membrane contains generalist pores for the flux of proteins, nucleotides, enzymatic cofactors, and small metabolites (Colombini 1980; Bay and Court 2002) . Conversely, the exchange of metabolites across the inner membrane is highly selective. The mitochondrial carrier family encompasses approximately 35 (yeast) to 53 (T. thermophila) solute-specific transporters in eukaryotes that mediate this process (Millar and Heazlewood 2003; Kunji 2004; Smith et al. 2007 ). This family is defined by the presence of three tandem repeats of approximately 100 amino acids, each containing two transmembrane domains (Saraste and Walker 1982) . Although it is often not possible to unambiguously identify the substrates for mitochondrial transporters from sequence data alone, conserved families of transporters can typically be detected in genomic data from related taxa.
Mitochondrial ATP synthesis requires a source of ADP and inorganic phosphate (P i ), which is typically supplied from the cytosol where most ATP is hydrolyzed. An ADP/ATP antiporter (adenine nucleotide transporter) exchanges cytosolic ADP for mitochondrial ATP providing this essential exchange (fig. 2) . Separately, a phosphate carrier acts as a symporter importing P i concurrently with protons moving down their concentration gradient. Thus, import of P i is dependent on the Ác maintained by the ETC. In some systems, these two carriers have been shown to physically associate with the ATP synthase complex, forming an "ATP Synthasome" super complex (Ko et al. 2003) . Both carriers are found in ciliates, dinozoans, and apicomplexans (table 1), consistent with maintenance of this basic ATP Synthasome functional unit.
Regulation of the mitochondrial Ác can be managed by the forward (or reverse) flow of protons through the ATP synthase complex (Brown et al. 2006) . A further mechanism of dissipating Ác uses uncoupling proteins that allow proton flux from the intermembrane space to the matrix. This process, which is activated by free fatty acids, decreases ATP synthesis but ultimately minimizes the level of reactive oxygen species produced by the ETC (Kowaltowski et al. 1998; Sluse et al. 1998; Vercesi et al. 2006) . Mitochondrial uncoupling proteins occur in both ciliates and dinoflagellates, but no equivalent protein has been found in apicomplexans (nor is it found in P. marinus) (table 1 [Uyemura et al. 2000; van Dooren et al. 2006] ). Despite this, biochemical evidence supports that this function exists in Plasmodium (Uyemura et al. 2000) , and it is possible that sequence divergence alone has prevented identification of such a transporter.
Some carrier proteins mediate the transport of dicarboxylates (malate, a-ketoglutarate, oxaloacetate, succinate, and maleic acid) and tricarboxylates (citrate, isocitrate, cisaconitate, and trans-aconitate) across the mitochondrial inner membrane. These metabolites are used in amino acid synthesis, fatty acid metabolism, gluconeogenesis, isoprenoid biosynthesis, and the TCA cycle. An a-ketoglutarate/malate transporter is found in dinozoans, apicomplexans, and ciliates and exchanges mitochondrial a-ketoglutarate (oxoglutarate) for cytosolic dicarboxylates, in particular, malate (Laloi 1999) (fig. 2 ). This transporter is implicated in the malate/aspartate shuttle, which enables cells to effectively relocate cytosolic reducing equivalents in the form of NADH into the mitochondrion ( fig. 9 [Bakker et al. 2001] ). An aspartate/glutamate transporter is also necessary for this shuttle, and candidate proteins are present in dinoflagellates, although not apicomplexans (table 1) .
An oxodicarboxylate carrier is present in dinozoans but not in apicomplexans (table 1) . This carrier counter exchanges the oxodicarboxylates oxoadipate and a-ketoglutarate. The main physiological role is generally thought to be the cytoplasmic biosynthesis of lysine and glutamate from mitochondrial 2-oxoadipate, which is in turn derived from acetyl-CoA and a-ketoglutarate . The exchange can also run in reverse, transporting oxoadipate produced by the catabolism of cytosolic lysine (and tryptophan and hydroxylysine in mammals) into the matrix (Fiermonte et al. 2001; Palmieri et al. 2001) . Here, oxoadipate is decarboxylated and then further metabolized to provide a source of acetyl-CoA ( fig. 2) . The presence of the oxodicarboxylate carrier in dinozoans, but absence in apicomplexans (as well as ciliates), might reflect differing requirements for either amino acid synthesis and/or alternative mitochondrial acetyl-CoA supply.
Other mitochondrial carriers implicated in the exchange of dicarboxylates and tricarboxylates are found in dinoflagellates but not in apicomplexans (table 1) . Although substrate specificities cannot be reliably identified from their sequence alone, occurrence of these families of transporters in only dinoflagellates implies that there has been some change in the capacity and/or need for mitochondrial metabolite exchange in parasites.
Iron-Sulphur and Tetrapyrrole Biosynthesis
Two fundamental organellar processes found throughout eukaryotes concern metal atoms complexed within larger molecular scaffolds that often function in electron transfer events and energy metabolism. One is the synthesis of iron-sulphur clusters, which is touted as being the single unifying function of mitochondria and a pathway inherited directly from the a-proteobacterial symbiont (Tovar et al. 2003; Lill et al. 2005; Balk and Pilon 2011) . Several mitochondrial proteins require iron-sulphur clusters, including proteins of the ETC Complexes II and III, ferredoxin, and class I fumarate hydratase. Mitochondrial iron-sulphur clusters are also exported to the cytoplasm, and the iron-sulphur protein Rli1 that is essential for ribosome assembly is argued to demand this essential mitochondrial function in all eukaryotes (Lill et al. 2005) . Although plastid-bearing organisms contain a second cyanobacterial pathway for iron-sulphur assembly in their plastids, this always occurs in addition to the mitochondrial pathway. In all ciliates, apicomplexans, and dinozoans, the proteins considered necessary to form iron-sulphur clusters in the mitochondrion are present, suggesting that this process continues to be a key function of mitochondria in Alveolata (table 1) . These proteins are also present in the reduced mitochondrion of the apicomplexan, Cryptosporidium, thus supporting the essential nature of this mitochondrial function (LaGier et al. 2003) .
The second process is the synthesis of cyclic tetrapyrroles (porphyrin rings) that are used to make heme, by addition of an iron ion at the center, and the chlorophylls, by addition of a magnesium ion. Again, mitochondria or plastids can be involved in this process but usually not both in a given organism. In photosynthetic organisms, the demand for plastid-based chlorophylls, as well as heme-containing photosynthetic cytochromes, apparently justifies exclusive location of this pathway to the plastid. The first step of this process is the synthesis of aminolevulinic acid (ALA). In plastids, ALA is derived from glutamate bound to tRNA in two steps by glutamyl-tRNA reductase (GTR) and glutamate semialdehyde aminotransferase (GSA-AT). This is known as the C5 pathway and is found in most bacteria, as well as Archeae. From ALA, five subsequent reactions occur (catalyzed by HemB, through to HemG/Y) that produce protoporphyrin IX, the final common point of the chlorophyll and heme pathways. From here, either an iron or a magnesium ion is loaded into the tetrapyrrole by Fe-or Mg-chelatase to form either heme directly or chlorophylls by a number of subsequent reactions that further modify tetrapyrrole rings. Mitochondrial heme in photosynthetic eukaryotes is produced by 135 Alveolate Mitochondrial Metabolic Evolution . doi:10.1093/molbev/mss205 MBE importing plastid-produced protoporphyrinogen IX, and completion of the final two steps occurs within the mitochondrion.
The plastid-based tetrapyrrole pathway was directly inherited from the endosymbiosis of a cyanobacterium, but eukaryotes had previously acquired a mitochondrial version of this pathway from the a-proteobacterium symbiont. This pathway persists in most nonphotosynthetic eukaryotes, although the second to fifth steps of heme synthesis have relocated to the cytoplasm. The major metabolic difference between the mitochondrial and plastid pathways is the synthesis of the ALA. Rather than using glutamate, the mitochondrial C4 pathway condenses glycine and succinyl-CoA to ALA using ALA synthase (ALAS), which is otherwise unique to a-proteobacteria. The subsequent steps of tetrapyrrole synthesis are equivalent to the plastid pathway, with the only difference being the altered cellular locations.
The exclusive use of the plastid pathway in almost all plastid-bearing eukaryotes implies that the gain of this pathway with the plastid displaced the mitochondrial pathway, presumably due to the greater demand for photosynthetic tetrapyrroles and the ability to supplement other cellular needs from this source. Apicomplexans represent an unusual exception to this. In this group, ALA is produced by the C4 reaction in the mitochondrion, and then the relict plastid (apicoplast) continues on with four of the subsequent reactions (Ralph et al. 2004; van Dooren et al. 2006 ). Because there is no known requirement for heme in the apicoplast, the final three steps occur in the cytoplasm then mitochondrion, as for other heterotrophic eukaryotes. Thus, this scheme appears to be a hybrid of the two general pathways (Ralph et al. 2004; van Dooren et al. 2006) . Recently, the closest photosynthetic relative of apicomplexans-the Chromerida-was shown to also share this hybrid pathway, although the requirement for chlorophylls and photosynthetic cytochromes has retained the final steps of this pathway in the plastid (Koreny et al. 2011) . This indicates that the plastid-type C5 production of ALA from glutamate was lost from the apicomplexan lineage even before photosynthesis was lost.
We find many of the genes necessary for tetrapyrrole synthesis present in photosynthetic dinoflagellates (table 1) . Notably, the plastid C5 genes, GTR and GSA-AT are present, and GSA-AT sequences contain expected plastid-targeting signals for dinoflagellate complex plastids (Patron et al. 2006 ) (GTR sequences are incomplete). No sequences for ALAS are present in any of the photosynthetic dinoflagellates. This is consistent with loss of the mitochondrial pathway as seen for most other photosynthetic eukaryotes, although it is possible that some photosynthetic dinoflagellates may be found to have retained ALAS with further sequencing. Our data from the deep branching and nonphotosynthetic dinoflagellate Hematodinium sp. reveal that ALAS is present in this basal lineage, whereas neither of the C5 genes are found. ALAS is also exclusively present in Perkinsidae (P. marinus). Therefore, although ALAS was present in the common ancestor of apicomplexans and dinoflagellates, it was apparently lost only within photosynthetic dinoflagellates (and not chromerids). If we assume that the C5 pathway was inherited with the plastid in both apicomplexans and dinozoans, then it has been lost at least three times independently: once in apicomplexan/chromerids; once after the Perkinsus branch diverged; and once after the Hematodinium branch diverged ( fig. 2) . These multiple losses indicate a propensity for elimination of redundant pathways for ALA synthesis (no alveolate retains both pathways). Before these losses, the two pathways would have co-occurred, minimally from the gain of the common plastid found in dinozoans and apicomplexans, to just after Hematodinium diverged from photosynthetic dinoflagellates. Currently, it is still hotly debated as to when the plastid was acquired in this lineage, proponents of the "chromalveolate hypothesis" arguing that it was both before ciliates and even stramenopiles diverged (for recent challenges of this hypothesis see Baurain et al. [2010] and Stiller [2011] ). These "plastid early" hypotheses would require maintenance of both the C4 and C5 pathways for considerable evolutionary time, a state inconsistent with the lack of duplicated pathways seen in any dinozoans or apicomplexans today.
Conclusions
Metabolic maps constructed for dinozoans force a reassessment of the oddities of apicomplexan mitochondrial metabolism. Changes and losses in apicomplexans that were previously interpreted as reduction in mitochondrial function, conceivably allowed for by generous nutrient supplies from host cells, must be reassessed where it is evident that dinozoans share many of these losses. Figures 1 and 2 summarize the presence, absence, and changes of mitochondrial proteins and/or functions across Alveolata, and from this, it is apparent that many changes likely occurred in the common ancestor of Dinozoa and Apicomplexa. These include changes that might be perceived to have had major effects on the energy metabolism of the organelle, such as: 1) loss of the canonical PDH complex; 2) loss or substitution of TCA cycle enzymes (IDH, MQO, and fumarate hydratase); and 3) loss of Complex I of the ETC. Given that these changes probably occurred within the free-living, photosynthetic ancestors of dinozoans and apicomplexans and are represented still in extant nonparasitic dinoflagellates, such changes are unlikely to have compromised energy metabolism or have occurred due to parasitism. Our biochemical data provide further evidence of this, showing that these organisms retain the capacity to catabolize pyruvate in the TCA cycle and that TCA cycle metabolism has not been perturbed by enzyme changes. From figure 1, it is also evident that further, lineage-specific changes have continued to occur in both apicomplexans and dinozoans. Some of these changes might represent adaptation to specific environments, including further losses by some parasite lineages. For others, however, it is unclear whether selection or chance has driven the change. For example, switching of fumarate hydratase throughout Alveolata occurs without obvious correlation with lifestyle changes. Similarly, changes in heme synthesis, from use of the plastid-based C5 pathway for ALA generation in photosynthetic dinoflagellates, but its loss and shift to mitochondrial C4 ALA synthesis in the photosynthetic apicomplexan Chromera, suggest chance might as likely play a role.
